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Flavor Physics in Kaon Decays
Xiao-Gang He
NCTS/TPE, Department of Physics
National Taiwan University
Taipei, Taiwan
In this talk I review some topics related to flavor physics in kaon decays with emphasis on
the roles which kaon decays can play in the determinations of hadronic matrix elements,
the CKM parameters and new physics beyond the Standard Model.
1 Introduction
Kaon physics has a glorious history. Parity violation, CP violation, GIM mechanism, CKM
mechanism, Determination of Standard Model (SM) parameters, Hadronic physics all have
imprints of kaon physics. Kaon physics still plays an important role in particle physics. Some
of the main interests today in kaon physics are: The studies of CP violation and rare decays;
Determination of SM parameters; Low energy tests of QCD, lattice QCD and low energy
effective theories; New physics beyond the SM. There are also many studies of tests of quantum
mechanics and CPT symmetry in kaon decays. Some of the related work has been reported at
this conference[1].
Since FPCP04 is a flavor and CP conference, I will mainly discuss flavor physics in kaon
decays with emphases on: ǫK and ǫ
′
K/ǫK and related hadronic parameters; Rare kaon decays
and the CKM parameters; And rare kaon decays and new physics beyond the SM.
In the SM, flavor changing neutral current and CP violating phenomena are all related to
the CKM matrix in the charged current interaction of the W-boson with quarks,
Lint = − g√
2
Uγµ
1− γ5
2
VCKMDW
+
µ +H.C. (1)
where VCKM is an unitary matrix which are usually written as
VCKM =


Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 ;
Vus = s12c13 = λ,
Vub = s13e
−iγ = Aλ3(ρ− iη),
Vcb = s23c13 = Aλ
2.
(2)
At present, some of the elements are well determined and some of them are not, such as the
parameters ρ and η. A very important task for flavor physics is to determine the parameters ρ
and η. In this talk the following set of numbers determined from CKMfitter will be taken as
reference values[2],
λ = 0.2265+0.0025−0.0023, A = 0.801
+0.029
−0.020, ρ = 0.189
+0.088
−0.070,
η = 0.358+0.046−0.042, γ = 62
+10
−12(degree). (3)
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2 Kaon Decays and the Standard Model
2.1 The CP violating parameters ǫK and ǫ
′
K/ǫK
ǫK and ǫ
′
K/ǫK are the two famous quantities parameterize CP violation in K
0 −K0 mixing
and neutral kaon to two pion decays. These and a closely associated parameter ∆mK play
important roles in understanding CP violation and flavor changing interactions. These param-
eters are, now, measured to good precisions with[4] ǫK = (2.284 ± 0.014) × 10−3ei43.51o±0.05o ,
|ǫ′K/ǫK | = (1.67± 0.23)× 10−3, and ∆mK = (3.483± 0.006)× 10−12 MeV.
The short distance contributions, at the quark level, to ǫK and ǫ
′
K/ǫK have been calculated in
the SM and are well understood. But there are large uncertainties in hadronic matrix elements
such as BˆK , R6 and R8 which cause uncertainties in the determination of the CKM parameters
using these observables.
The parameters ǫK and ∆mK are related to the K
0 − K0 mixing parameters M12 with
ǫK = Im(M12)e
iπ/4/
√
2∆mK and ∆mK = 2Re(M12). The short distance contribution comes
from the “box” diagram[5] which is given by
M12 =
G2Fm
2
WmK
12π2
f 2KBˆK
[
ηccS(xc, xc)(λc)
2 + ηttS(xt, xt)(λt)
2 + 2ηctS(xc, xt)λcλt
]
. (4)
The function S(x, y) and the QCD correction factors ηij are all known[6]. The parameter BˆK
is defined as
< K
0|sγµ(1− γ5)dsγµ(1− γ5)d|K0 >= 8
3
f 2Km
2
KBˆK .
In the vacuum saturation and factorization approximation, BˆK = 1. Lattice calculation gives[7]
0.86± 0.06± 0.14.
Figure 1: Constraints[2] on CKM parameters.
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Till 1999, before the measurement of ǫ′K/ǫK , ǫK was the only measured CP violating quan-
tity. It played a crucial role in determining the CKM parameter η as can be seen in Fig. 1.
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There are now more hadronic matrix element independent determinations of CKM parameters
such as |Vub/Vcb| and sin(2β) from B decays. Using CKM parameters determined from other
processes, one can study the hadronic parameter BˆK in a more precise way. Requiring that the
observed ǫK be the same as data, one can determine the parameter BˆK . The UTfit group has
done such an analysis and obtained[8]
BˆK = 0.65± 0.10. (5)
This is in agreement with lattice calculations within error bars. If there are new physics beyond
the SM, the fit may change. But the parameters can be constrained.
The quantity ∆mK is less well understood. If one uses the central values of the CKM pa-
rameters, using eq.(4) one would obtain ∆mK |SD = 2.72BˆK×10−12 MeV which is substantially
smaller than the experimental value. Theoretical calculation of ∆mK is indeed more difficult
since there are long distance contributions. For example, exchange of π, η and η′[9], can make
a contribution given in the following[10]
2mK Re(M
one
12 ) =
|〈π0|HW |K0〉|2
m2K −m2π

1 + m2K −m2π
m2K −m2η
(
1 + δ + δgg√
3
cosθ +
2
√
2√
3
(ρ+ rgg)sinθ
)2
+
m2K −m2π
m2K −m2η′
(
1 + δ + δgg√
3
sinθ − 2
√
2√
3
(ρ+ rgg)cosθ
)2 .
where δ = 0.17, ρ ≈ 1 which parameteriz the SU(3) and nonet breaking parameters, and
δgg = 0.96a2, r
gg = −0.48a2 come from s → dgg contribution. Fitting KL → γγ data,
a2 = 0.17, ∆m
one
K = −0.9 × 10−12 MeV which make the total ∆mK even smaller. ∆mK is not
well understood. More study is needed.
There is also uncertainties in ǫ′K/ǫK due to our limited understanding of hadronic matrix
elements. In the SM, there are tree, penguin and box contributions to ǫ′K/ǫK . One obtins[11]
ǫ′K
ǫK
= Imλt (18.7R6(1−ΩIB)− 6.9R8 − 1.8)
[
Λ4
SM
340MeV
]
ΩIB = 0.06± 0.08 comes from isospin breaking[12]. The definition of R6,8 are given by,
< ππ|Q6|K >0= −4
√
3
2
(fK − fπ)
(
m2K
121MeV
)2
R6GeV
3,
< ππ|Q8|K >2=
√
3fπ
(
m2K
121MeV
)2
R8GeV
3.
Lattice calculation gives[13] R8 = 1.00 ± 0.20. R6 is much harder to calculate. There are also
other calculations. For example large N approximation gives R6 = R8.
Again, requiring the data to be reproduced and using CKM matrix elements determined
from other processes, one can obtain more information about the hadronic matrix elements.
We show the correlation of R6 and R8 in Fig. 2. Any model calculations for these hadronic
parameters can therefore be tested.
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Figure 2: Correlation[2, 3] between R6 and R8.
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We would like to emphases that present knowledge of CKM parameters determined from
other processes can provide important information about hadronic physics at low energies.
There are still rooms for new physics. One can also take the same attitude to study hadronic
parameters in B decays.
2.2 Rare Kaon Decays In The Standard Model
I now discuss the rare kaon decays: KL → µ+µ−, KL → π0e+e−, K → πνν in the SM. The
experimental measurements are summarize in Table 1.
KL → µ+µ− KLπ0e+e− K+ → π+νν KL → π0νν
Br (7.27± 0.14)× 10−9 < 2.8× 10−10 (1.47+1.30−0.89)× 10−10 < 5.6× 10−7
K+ → π+µ+e− K+ → π+µ−e+ KL → π0µ±e∓ KL → µ±e∓
Br < 1.2× 10−11 < 5.2× 10−10 < 3.4× 10−10 < 4.7× 10−12
Table 1: Experimental data on branching ratios of rare kaon decays[1, 4].
KL → µ+µ−. There are long and short distance contributions to this rare decay. The
long distance contribution is mainly from two photon intermediate state, KL → γγ → µ+µ−.
The absorptive contribution, with the two photons on-shell, is calculated to be (7.07± 0.18)×
10−9 almost saturate the total branching ratio[14]. The dispersive contribution, with the two
photons off-shell, is not well understood. The short distance and dispersive contributions to the
branching ratio together should be less than 2.5× 10−9. The short distance contribution from
box and Z penguin diagrams in the SM is given by B(KL → µ+µ−)SD = 1.6×10−9A4(ρ′o−ρ)2 =
(0.8± 0.3)× 10−9. Here we have used the SM calculation of ρ′0 = 1.2. We emphases that since
the dispersive contribution is not well known, one should not use this process as a good one to
determine CKM parameters. But it can provide non-trivial constraints on new physics beyond
the SM.
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KL → π0e+e−. There are CP conserving and CP violating contributions to this proccess[15,
16]. The main CP conserving contribution is from two photon intermediate state of the type,
KL → π0γγ → π0e+e−. This contribution alone has been shown to give a small branching
ratio (< 3 × 10−12). There are two types of CP violating contributions, one from KL and
KS mixing with KS as an intermediate state of the type, KL → KS → π0e+e−, and another
from short distance contribution. The short distance contribution alone is predicted to be
small (about 4.7× 10−12). Using the recently measured[1, 17] B(KS → π0e+e−)mee>165MeV =
(3.0+1.5−1.2 ± 0.2) × 10−9. and B(KS → π0µ+µ−) = (2.9+1.4−1.2 ± 0.2) × 10−9, and assuming vector
dominance[16], B(KS → π0e+e−) is shown to be 4.6a2S × 10−9. as to be positive is favored and
|aS| is determined to be 1.2± 0.2. One obtains[16],
B(KL → π0e+e−)SM = BCPC + (15.3a2S − 35A2ηaS + 74.4A4η2)× 10−12. (6)
This results in B(KL → π0e+e−)SM = (3.7 ± 0.4) × 10−11, and B(KL → π0µ+µ−)SM =
(1.5 ± 0.3) × 10−11. These values are much smaller than the current upper bounds. Since
model calculations are involved, the above should be taken to be some reasonable estimate.
The process KL → π0e+e− can be used to constrain possible new physics, but should not to be
considered as a good process for CKM parameter determination.
K → πνν. These are considered golden modes for the determination of the CKM parameters
since hadronic uncertainties are eliminated[18]. In the SM, K+ → π+νν is given by
B(K+ → π+νν) = rK+α
2
2π2s4W |Vus|2
∑
e,µτ
|∆lK |2B(K+ → π0e+νe), ∆lK = λcX lNL + λXηXX0(xt),
X0(x), X
l
NL and ηX are known[19], and rK+ = 0.901[20]. The uncertainty for the branching
ratio is at a few percent level.
The branching ratio is some times written as[18]
B(K+ → π+νν) = 8.9× 10−10A4 1
3
[(η2 + (ρe0 − ρ)2) + (η2 + (ρµ0 − ρ)2) + (η2 + (ρτo − ρ)2)]
= 8.9× 10−10A4[η2 + (ρ0 − ρ)2 + 2
9
(ρe0 − ρτ0)2],
where ρ0 = (ρ
e
0 + ρ
µ
0 + ρ
τ
0)/3 ≈ 1.4. The term (2/9)(ρe0 − ρτ0)2 is small (∼ 3%) and can
be neglected. In the SM the branching ratio is predicted to be (7.8 ± 1.2) × 10−11. There
are experimental measurements for this process combining E787[21] and E949 data[22], the
branching ratio is[22] (1.47+1.3−0.89)× 10−10. The central value is about two times larger than the
SM prediction. Of course the error bar is too large to draw definitive conclusion about whether
new physics is needed. But future improved experiments will provide us with more information.
The branching ratio of KL → π0νν in the SM is given by
B(KL → π0νν) = rKLα
2
2π2s4W |Vus|2
τKL
τK+
∑
e,µτ
|Im(∆lK)|2B(K+ → π0e+νe),
= 3.34× 10−5(ηXX0(xt))2|Vcb|4η2.
rKL = 0.994. B(KL → π0νν) is predicted to be (3.0± 0.6)× 10−11.
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Figure 3: K → πνν for CKM triangle.
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It is clear that the processes K+ → π+νν and KL → π0νν can play a very important role in
the determination of the unitarity triangle which is schematically shown in Fig. 2. The phase
γ can be expressed as[18]
cot γ =
√
1
B2
(A2ηXX0(xt)−
√
B1 −B2 + Pc(X)), (7)
making a direct measurement of γ. Here B1 = B(K
+ → π+νν)/κ+, B2 = B(KL → π0νν)/κL
with κ+ = rK+(3α
2B(K+ → π+νν))/(2π2s4W )λ8, κL = κ+(rKL/rK+)(τ(KL)/τ(K+)), and
Pc(X) = (1/3)(2X
e
NL +X
τ
NL).
3 Kaon Decays and New Physics
Rare kaon decays being rare are very sensitive to new physics beyond the Standard Model[23].
There are two aspects in discussing new physics. On the one hand, one can try to explain
processes where deviations from the SM already shown up. And on the other hand, one can
use the current measurements on rare processes to constrain model parameters. As have been
mentioned earlier that indeed the current experimental central value for the branching ratio
of the rare kaon decay K+ → π+νν is almost two times the SM prediction. This needs to be
explained. It may be an indication of new physics. Of course one needs to be aware that the
error bar is still large, a definitive conclusion cannot be drawn. It is, however, interesting to
see if new physics is able to produce the central value.
When going beyond the SM, there are new interactions which can induce rare kaon decays
and therefore modify the SM predictions[23]. As illustrations, I list some of the model predic-
tions for R(Ki → πiνν) = B(Ki → πiνν)/B(Ki → πiνν) taking into account of constraints
from other kaon decay processes discussed previously.
• SUSY with minimal flavor violation. This is a class of models with minimal SUSY exten-
sion of the SM assuming that there are no new flavor and CP violating sources. The only
source of flavor and CP violation comes from the CKM sector. Even with such limited ex-
tension there are new contributions to K → πνν coming from chargino and charged Higgs
exchanges. These new contributions are, however, stringently constrained. R(K → πνν)
are constrained to be[24]: 0.65 < R(K+ → π+νν) < 1.02, 0.41 < R(KL → π0νν) < 1.03.
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• General MSSM. In more general supersymmetric minimal SM, there are more flavor and
CP violating sources. Sizeable enhancements to K → πνν can come from chargino
exchange with large up-squark mixing. R(K+ → π+νν) and R(KL → νν) can reach 2.1
and 4, respectively[25].
• R-parity violating model. In this case there are tree level contributions to K → πνν by
exchange sqaurks. The K+ → π+νν can easily produce the central value of current data,
and the value for R(KL → π0νν) can be as large as 70[26, 27].
• Modified Left-Right model. In a recent model proposed to solve the AbFB problem, the
third generation of right-handed fermions are assumed to have different interactions com-
pared with the first two generatios. As a result, exchange of a heavy Z ′ boson can
induce tree level flavor changing neutral current. There are also sizeable loop effects
on K → πνν. After constraints from other processes are taken into account, one finds
that[28] R(K+ → π+νν) can be as large as 2, and R(KL → π0νν) can be as large as 5.
• Little Higgs model. Little Higgs models provides a new solution to hierarchy problem in
the SM. One of the feature of this type of models is the existence of a vector like top
quarks. Exchange of such particle at the loop level, large branching ratio for KL → π0νν,
as large as 3 times of the SM prediction[29], can be generated.
• Isosinglet down quark model. In this type of models, it is possible to induce flavor
changing neutral current by exchange Z at tree level. R(K+ → π+νν) and R(KL → π0νν)
can reach 2 and 3, respectively[26, 30].
K → ll′, K → πll′, πνν ′ with l 6= l′. These processes are forbidden in the SM. Observations
of these modes are clear indications of new physics beyond the SM. Non-observations of these
decays can put stringent constraints on new physics beyond the SM.
In order for these decays to occur, there must be flavor changing neutral current in the lepton
sector. It can be achieved in many ways. For example, in Left-Right symmetric models, through
exchanges of heavy neutrinos, sizeable K → ll′ and K → πll′ can be generated[31]. In R-parity
violating models, there are even tree level effects which can induce K → ll′(νν ′), πll′(πνν ′)[26,
27]. For illustration, I discuss in more detail for K → πνiνj in R-parity violating model
There are several types of R-parity violating interactions. The one most directly related
to the discussion here is the R-parity violating interaction terms : W = λ′ijkLˆiQˆjDˆck. For
KL → π0νiνj decay, we have
Br(KL → π0νν)
Br(K+ → π0e+ν) = κL

 ∑
ℓ=e,µ,τ
| Im(∆SMK +∆RKLℓℓ) |2 +
∑
i 6=i′
| ∆RKLii′ |2


∆RKLii′ =
πs2W√
2GFα

λ′i′j1λ′∗ij2
2m2
d˜j
L
− λ
′
i′2kλ
′∗
i1k
2m2
d˜k
R
− λ
′
i′j2λ
′∗
ij1
2m2
d˜j
L
+
λ′i′1kλ
′∗
i2k
2m2
d˜k
R

 .
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Couplings bounds source
| λ′11jλ′32j | 0.89× 10−5 K+ → π+νν ′
| λ′21jλ′32j | 0.89× 10−5 K+ → π+νν ′
| λ′31jλ′12j | 0.89× 10−5 K+ → π+νν ′
| λ′31jλ′22j | 0.89× 10−5 K+ → π+νν ′
| λ′i′j2λ′ij1 | 0.89× 10−5 K+ → π+νν ′
| λ′i′j2λ′ij1 | 0.89× 10−5 K+ → π+νν ′
| λ′1j1λ′2j2 | 1.2× 10−6 K+ → π+µ+e−
| λ′1j1λ′2j2 | 0.8× 10−6 KL → µ+e−
Table 2: Upper bounds on the R-parity violating couplings with mf˜j = 100 GeV.
It is interesting to note that for i = i′, the decay is CP violating. But for i 6= i′, it is not
necessarily CP violating since couplings can all be real to obtain non-zero decay rates. This is
very different from SM[32].
We list the constraints on various couplings in Table 2. We see that stringent constraints
can be obtained for the couplings.
4 Summary
Kaon physics has played and is playing an important role in our understanding of fundamental
interactions. There are many different aspects of the Standard Model and models beyond the
SM can be studied using kaon decays.
Many of the kaon decay processes involve hadronic parameters which are difficult to study
theoretically due to non-perturbative QCD effects. However, at present many of the electroweak
parameters, such as CKM parameters are well determined from other processes, hadronic pa-
rameters can now be studied in detail experimentally in kaon decays, such as BK , R6,8 and
∆mK . Such study can provide good tests for lattice and other low energy effective theories.
There are also some kaon decays which are free from uncertainties in hadronic physics, such
as K+ → π+νν and KL → π0νν. These processes can therefore provide clean determinations
for the fundamental CKM parameters in the SM. Once the branching ratios of these processes
are measured, the Standard Model can be tested.
At present there is no inconsistence with Standard Model in kaon decays, although the
central value for the branching ratio of K+ → π+νν is about two times of the SM prediction.
But the error bar is too large to draw firm conclusion. Should the current central value will be
confirmed, new physics is required to explain the difference.
When going beyond the SM, there are new interactions which can induce processes which
are forbidden in the SM. We have seen that rare kaon decays, such as KL → µe, πll′, πνν ′
are sensitive to new physics and can provide stringent constraints on new physics parameters.
Current experimental bounds still allow rooms for new physics which modify the SM predictions
substantially. Future measurements can provide us with more information.
We have heard from other talks[1] that in the near future several experiments will be in
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operation, such as NA48 in CERN, E391 in KEK, Japan JPARC in Japan, KOPIO in BNL
and etc. It can be expected that significant progresses will be made in the area of kaon physics.
Kaon physics will continue to have a prominent status in the study of flavor and CP violation.
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